The c-Myb transcriptional regulator is crucial to the development and functioning of haemopoietic cells, so much so that mouse embryos homozygous for an inactivated c-myb allele die from anaemia at about day 15 of gestation. By analysing c-myb 7/7 chimaeras we show that no mature cells of any lymphoid or myeloid lineage can be detected in adult haemopoietic tissues. This demonstrates that the eects of c-myb ablation on haemopoiesis are cell autonomous and correlates with an absence in the c-myb 7/7 foetal liver of uni-and multilineage CFUs. Indeed, CFU assays performed on E8.5 yolk sac cells revealed that haemopoietic progenitors are already defective at this stage. However, although cells expressing high levels of c-Kit were absent, we could detect a high proportion of CD34 + CD45
The c-Myb transcriptional regulator is crucial to the development and functioning of haemopoietic cells, so much so that mouse embryos homozygous for an inactivated c-myb allele die from anaemia at about day 15 of gestation. By analysing c-myb 7/7 chimaeras we show that no mature cells of any lymphoid or myeloid lineage can be detected in adult haemopoietic tissues. This demonstrates that the eects of c-myb ablation on haemopoiesis are cell autonomous and correlates with an absence in the c-myb 7/7 foetal liver of uni-and multilineage CFUs. Indeed, CFU assays performed on E8.5 yolk sac cells revealed that haemopoietic progenitors are already defective at this stage. However, although cells expressing high levels of c-Kit were absent, we could detect a high proportion of CD34 + CD45
+ cells in the c-myb
foetal liver. Examination of chimaeric embryos revealed that c-myb 7/7 donor-derived CD34
Introduction
The transcription factor c-Myb was originally de®ned as the proto-oncogenic counterpart of the acutely transforming v-Myb oncoprotein, which itself had been identi®ed in two avian leukaemia-inducing retroviruses (Lipsick and Wang, 1999) . c-Myb is expressed in a variety of tissues and has been implicated in the development of haemopoietic progenitors (Ness, 1996; Frampton and Graf, 1998; Weston, 1998; Oh and Reddy, 1999) . Mice homozygous for an inactivated cmyb gene fail to develop adult haemopoiesis in the foetal liver and consequently die of anaemia at day 15 of gestation (Mucenski et al., 1991) . Characterization of the haemopoietic defects in c-myb 7/7 embryos has so far been insucient to conclude precisely what the cellular consequences are of the lack of c-Myb and it can be envisaged that altered growth control, survival or commitment towards dierentiation could all play a part. Subsequent to the initial description of the c-myb knock out, Lin et al. (1996 Lin et al. ( , 1997 have analysed gene expression changes in the c-myb 7/7 foetal livers. By performing a dierentiatial screen between wild type and c-myb 7/7 foetal liver RNAs they identi®ed a number of sequences which were much more abundant in the presence of c-Myb; none of these were shown to be direct target genes of c-Myb and they most likely re¯ect the extreme dierences in the cellular pro®le between the wild type and mutant foetal livers.
Several crucial questions therefore remained as to exactly how haemopoiesis is perturbed in c-myb
embryos: are all of the eects of c-myb ablation with respect to haemopoiesis cell autonomous; where exactly in the ontogeny of the haemopoetic system does c-myb ablation lead to a block; does the crucial point at which the absence of c-Myb aects haemopoiesis relate to increased apoptosis, decreased proliferative capacity, uncontrolled dierentiation or some other process; does the presence of megakaryocytes in the c-myb
foetal liver (Mucenski et al., 1991) mean that megakaryopoiesis is unaected by the absence of cMyb (this has been much cited by others, and has been used to contrast the eect of c-myb ablation with similar strategies applied to transcription factors such as GATA-2 and AML-1)?
Recently, an analysis of chimaeras generated by introducing c-myb 7/7 ES cells into rag1 7/7 blastocysts revealed donor-derived CD44 low CD25 7 cells, which were presumed to be early T cell precursors, but an absence of c-myb 7/7 macrophages (Allen et al., 1999) . Also recently, in vitro culture of the AGM (aortagonad-mesonephros region) from c-myb 7/7 embryos showed an absence of morphologically identi®able haemopoietic cells although infection with a c-Myb expressing retrovirus suggested that some committed progenitors capable of terminal haemopoietic dierentiation were present (Mukouyama et al., 1999) .
Here, we have taken the approach of generating adult and embryonic c-myb 7/7 chimaeras combined with a more detailed analysis of the haemopoietic content of foetal livers of c-myb 7/7 embryos at early stages of development. Overall, our study de®nes the nature of the cell type beyond which haemopoiesis cannot proceed in the myeloid compartment in the absence of c-Myb and suggests what might be aberrant in these cells.
Results

c-myb
7/7 ES cells do not contribute to any mature haemopoiesis in adult mice It was originally reported that the foetal liver of mice homozygous for the inactivated c-myb locus is profoundly de®cient in haemopoiesis but apparently retains a megakaryocytic content like wild type livers at this stage (Mucenski et al., 1991) . We wanted to resolve this apparent paradox and try to understand how this observation relates to the eect that the absence of c-Myb has on the development of de®nitive haemopoiesis. Since the death of c-myb 7/7 embryos at approximately E15 prevents further investigation of haemopoietic development in vivo we decided to examine whether c-myb 7/7 ES cells could contribute to bone marrow haemopoiesis, in particular to megakaryopoiesis.
Chimaeras were generated by injection of c-myb
or c-myb 7/7 ES cells (donor) into wild type C57BL/6 (host) blastocysts and were examined as adults (6 ± 12 weeks). The contribution of the donor cells to various tissues was determined by assaying extracts for the presence of GPI isoenzymes (Figure 1a ). At this level of resolution, the analysis of chimaeras which were 60 ± 80% agouti showed that c-myb
ES cells contribute to both haemopoietic (bone marrow, thymus, spleen) and non-haemopoietic tissues in approximate correspondence to the level of coat colour chimaerism, whereas c-myb 7/7 ES cells contribute to non-haemopoietic tissues, but cannot be seen giving rise to the haemopoietic cells. To examine if thè stromal' components of the bone marrow, spleen and thymus are aected by c-Myb we cultured adherent cells from these organs from a c-myb 7/7 : : C57BL/6 chimaera under conditions to disadvantage growth of any haemopoietic cells. The resulting adherent cell populations had a donor contribution which, although not as high as the level of chimaerism in other nonhaemopoietic tissues, was greater than that seen in the whole tissue when comprised of predominantly haemopoietic cells (Figure 1a) .
To further investigate the adult haemopoietic organs we performed a detailed FACS analysis of c-myb
and c-myb
chimaeras. Host and donor-derived haemopoietic cells were distinguished using a monoclonal antibody against the Ly9.1 allele which is expressed by the 129 Sv donor. Bone marrow cells were stained with antibodies to distinguish c-Kit + progenitors and cells of the erythroid (Ter119), macrophage (anti-CD11b/Mac1), granulocyte (Gr1), megakaryocytic (anti-CD41, recognizing the a integrin gpIIb) and B-cell (B220) lineages. As can be seen in Figure 1b , in c-myb +/7 : : C57BL/6 chimaeras of 6 ± 8 weeks of age, Ly9.1 + donor-derived cells were represented in all lineages in the bone marrow in approximately the same proportion as the contribution of donor cells to non-haemopoietic tissues (Figure 1a) . A similar conclusion was reached for cells obtained from the spleen and thymus using B220 and monoclonal antibodies against the T-cell lineage markers Thy1, CD4 and CD8 (Figure 1c,d ). In contrast, we could not detect Ly9.1 + cells above background in the haemopoietic populations from the bone marrow, spleen and thymus of c-myb 7/7 : : C57BL/6 chimaeras ( Figure 1b ± d) . The sensitivity of this analysis was approximately at the level of ®ve cells in 10 000 (in the red cell-depleted population). In case donor-derived progenitors were present in the c-myb 7/7 : : C57BL/6 chimaeric bone marrow at a level below the sensitivity of the FACS analysis, we cultured cells under conditions to encourage progenitor growth (+IL73/ +SCF/20% horse serum) and to select for cells of donor origin by selection in the presence of G418; we were still unable to detect any Ly9.1 + cells (data not shown).
This analysis demonstrates that if de®nitive commitment occurs in the absence of c-Myb, no progenitors are formed which are capable of sustained adult haemopoiesis. Moreover, the failure to detect any cells with a megakaryotic phenotype (CD41 + ) in the c-myb 7/7 chimaeras brings into question the interpretation (Mucenski et al., 1991) that the cells seen in the knock out foetal liver are de®nitive megakaryocytes. We decided, therefore, to go back and look in more detail at haemopoiesis in the c-myb 7/7 embryo, using three approaches to detect any signs of de®nitive haemopoietic cells: (i) morphological and antigenic analysis of foetal liver cells; (ii) assessment of the presence of progenitors by in vitro colony forming assay; and (iii) examination of c-myb 7/7 chimaeric embryos for signs of progenitor cells.
The c-myb
7/7 foetal liver contains some cells with a progenitor phenotype Cytospin preparations from E11 and E14 embryos were stained using May GruÈ nwald-Giemsa ( Figure  2a ,b,e,f) and for acetylcholinesterase (AChE, a characteristic marker of megakaryocytic cells in the mouse, Figure 2c ,d,g,h). During this period the wild type foetal liver cell content increases dramatically from 2.5610 5 at E11 to 2610 7 at E14 (Table 1 ). There is a clear reduction in numbers in the c-myb 7/7 foetal liver compared to the wild type (40% at E11 and 7% at E14). Primitive nucleated erythrocytes predominate at E11, although the de®nitive enucleated counterpart is beginning to arise in the wild type foetal liver. At E14, when enucleated red cells are the major erythrocyte in the wild type, none could be found in the knock-out foetal liver (Figure 2e ,f). Polylobulated, AChE + megakaryocytes could clearly be distinguished at both E11 and E14. No consistent dierences could be seen in the morphology of these (Figure 2c, d, g, h) . The absolute number of the mature megakaryocytes increased between E11 and E14 in both the wild type and c-myb 7/7 foetal livers; however, the numbers present in the mutant were always signi®cantly lower than in the wild type (Table 1) .
Next, we used indirect immuno¯uorescence and¯ow cytometry to examine the expression of c-Kit and CD34 as markers of progenitor cells and CD41 as a means to try to resolve the nature of the megakaryocytes found in the c-myb 7/7 foetal liver ( Figure 3a ). C-Kit + cells represented 37.6% of the wild type E11 foetal liver cells, while from c-myb 7/7 littermates they were both less abundant (9.7%) and less intensely stained. This dierence was even more pronounced between wild type and c-myb 7/7 foetal liver cells of E14 embryos (data not shown) when the two levels of c-Kit expression could clearly be de®ned as c-Kit bright and cKit low , both being present in the wild type (10 and 3.3%, respectively), whereas c-myb and c-myb 7/7 ES cells to tissues from chimaeric mice. Thin layer chromatography and in situ enzyme activity was employed to assay tissue extracts for GPI isozymes to determine the contribution from the donor ES cells (GPI b ) and host blastocysts (GPI a ). L, lung; M, muscle; H, heart; K, kidney; T, testis; B, brain; S, spleen; Thy, thymus; BM, bone marrow. The absence of the upper host band from the muscle sample is explained by the fact that GPI is multimeric; this means that in a tissue composed of heterokaryons there will be a mixture of homomeric host (upper), homomeric donor (lower) and heteromeric (middle) bands, and it follows that when the donor contribution far exceeds that of the host, as is the case depicted here, then almost all host derived isoenzyme will exist in the heteromeric form. (b ± d) c-myb
ES-derived cells fail to populate the adult haemopoietic organs. Flow cytometric analysis of bone marrow (b), spleen (c) and thymus (d) cells from 6 ± 8 week old c-myb +/7 and c-myb 7/7 ES cell-derived chimaeric mice using the indicated antibodies and the appropriate FITC-conjugated secondary. Biotin conjugated anti-Ly9.1 in conjunction with streptavidin-PE was used to distinguish ES cell-derived (Ly9.1 + ) and host blastocyst-derived (Ly9.1 7 ) cells. For each plot, 20 000 live cell events are shown tic in the c-myb 7/7 foetal liver, and are not endothelial cells as suggested by Krause et al. (1998) , was indicated by their being positive for CD45, a tyrosine phosphatase which is speci®cally expressed on haemopoietic cells. Staining with anti-CD41 in conjunction with antic-Kit revealed a possible dierence in the nature of the megakaryocytes found in the c-myb 7/7 foetal liver. E11 cells from wild type and c-myb 7/7 were respectively 21.6% and 13.7% positive for CD41. The range of CD41 expression was wider in the wild type, CD41 low cells being much less abundant in the knock-out. The CD41 bright cells were mainly c-Kit
7
, both in the wild type and c-myb
; however, the CD41 low cells were predominantly c-Kit + . At E14 the situation changed with respect to the CD41 + population; CD41 + cells represented only 1.8% total wild type foetal liver cells and were predominantly c-Kit low , while foetal liver cells from E14 c-myb 7/7 were 6% CD41 + and essentially cKit 7 , together implying that the megakaryocyte-like cells in the knock-out at this stage are of a more mature phenotype than seen in the wild type ( Figure  3b ).
Limited functional progenitor content in the yolk sac and foetal liver of c-myb 7/7 embryos
To assess the presence of haemopoietic progenitors we performed in vitro assays under conditions which would allow outgrowth of erythroid (CFU-E and BFU-E), megakaryocytic (CFU-MK), myelomonocytic (CFU-GM and CFU-M) or multilineage (CFU-Mix) colony forming cells. As can be seen in Table 2 , few if any colonies were obtained from c-myb 7/7 E8.5 yolk sac or E14 foetal liver compared to the wild type, and we were unable to identify any BFU-E, CFU-MK, CFU-GM or CFU-Mix. The only colony forming cells that could be detected in the c-myb 7/7 embryos were CFU-E derived from the yolk sac and CFU-M which appeared after culturing of either yolk sac or foetal liver cells for 10 ± 14 days.
Taken together these results indicate that although the expansion of haemopoietic cells is severely compromised in both the yolk sac and foetal liver of the c-myb
embryo, some CD34 + and c-Kit + progenitor-like cells are nevertheless present. These cells do not give rise to de®nitive erythropoiesis or granulopoiesis, but some cell type, which might correspond to the CD34 + /Kit + cells, must give rise to monocyte-macrophage dierentiation and megakaryopoiesis. The megakaryocyte dierentiation is distinctive from that seen in the wild type by exhibiting a more terminal phenotype.
c-myb
7/7 ES cells populate the early foetal liver but fail to expand
Since our analysis showed that we could detect cells with antigenic features of progenitors in the c-myb
foetal liver but that functional progenitors were very limited, we decided to follow the fate of c-myb
donor cells entering the foetal liver in chimaeric embryos. In the ®rst set of experiments we analysed a control non-chimaeric embryo, a c-myb +/7 : : C57BL/6 embryo which was 95% chimaeric, and four c-myb 7/7 : : C57BL/6 embryos which ranged in their extent of chimaerism from 40 ± 95%. Analysis was performed at E14 and foetal liver cells were stained with anti-Ly9.1 and antibodies speci®c for c-Kit, CD11b and CD41. The c-myb +/7 donor cells con- The percentages were calculated as the average from counting 10 ®elds under high magni®cation. Hepatocytes could easily be excluded on the basis of their morphology c-Myb regulates definitive progenitor expansion R Sumner et al tributed signi®cantly to the foetal liver, Ly9.1 + cells representing 61.6% of the total population (data not shown). The ®rst noticeable correlation when we compared the c-myb 7/7 chimaeric embryos was that the total number of cells (Ly9.1 7 +Ly9.1 + ) stained with anti-c-Kit, decreased in parallel with the percentage increase in chimaerism; this decrease was less pronounced for CD11b and CD41 (Figure 4a ). The percentage of Ly9.1 + cells appeared to parallel the extent of chimaerism but in absolute terms was much less; thus, the c-myb 7/7 chimaera illustrated in Figure  4a was approximately 90% chimaeric based on the GPI analysis, but only 2.8% of the foetal liver cells were Ly.9.1 + . However, the closer correspondence between overall chimaerism and the level of c-Kit + cells suggests that the chimaeric content of the foetal liver cells matched that of other tissues, and therefore that Ly9.1 expression is restricted to a subset of the haemopoietic cells. This caveat aside, it is clear that cmyb 7/7 donor-derived cells which can be assessed because of their Ly9.1 positivity are c-Kit
7 at E14 (Figure 4a ). Since population of the foetal liver begins at E10-11 we next looked at earlier c-myb 7/7 chimaeric embryos. We compared a non-chimaeric embryo and three cmyb 7/7 chimaeras which ranged in their degree of chimaerism from 10 to 65%. The analysis of the most chimaeric E11 embryo is illustrated in Figure 4b ; this shows that, in contrast to E14, the Ly9.1 + foetal liver cells were largely c-Kit . To determine the potential of these donor-derived c-Kit + cells, we cultured them in the presence of IL3 and SCF for 4 days and then repeated the immuno¯uorescence analysis. Under these conditions, the Ly9.1 7 cells maintained much of the c-Kit expression seen on day 0 (decreasing from 19.5 to 8.5%) and showed an increase in dierentiated cells as indicated by staining for CD11b and CD41 (Figure 4c ). In contrast, the Ly9.1 + cells, which were c-Kit + on day 0, had become c-Kit 7 (Figure 4c ).
Discussion
We have attempted to de®ne more precisely why the transcription factor c-Myb is crucial in haemopoietic development. Our results from c-myb 7/7 chimaeras, taken together with data for both the comparative quanti®cation of cells present in the foetal liver and assays of in vitro colony forming cells in c-myb
embryos, have shown that in the absence of c-Myb: (i) There is no detectable seeding of myeloid progenitors to haemopoietic organs which persist until the adult; (ii) The failing foetal liver accumulates mature megakaryocytes but lacks cells representing immature stages of megakaryopoiesis; (iii) There are few detectable colony forming cells in the embryo with the exception of CFU-E and CFU-M in the yolk sac and CFU-M in the foetal liver; and (iv) At early stages of foetal liver development, cells can be detected with features of progenitors suggesting commitment to de®nitive haemopoiesis.
The presence of primitive nucleated erythrocytes in the yolk sac, foetal liver and peripheral circulation of cmyb 7/7 embryos is sucient to allow survival until E15 (Mucenski et al., 1991) and demonstrates that at least primitive haemopoietic precursor cells must be present. Our colony assays on early yolk sac (E8.5) cells suggest that c-Myb starts to aect haemopoiesis at a stage prior to foetal liver development since c-myb 7/7 yolk sac was de®cient in highly proliferative progenitors. This is consistent with a speci®c in¯uence of c-Myb on de®nitive haemopoiesis which is currently believed to arise independently in the AGM region (Dzierzak et al., 1998) . However, analysis of chimaeric embryos Figure 3 Cells with the phenotype of haemopoietic progenitors are present in the foetal liver of c-myb 7/7 embryos. Flow cytometric analysis of foetal liver cells from E11 (a) and E14 (b) wild type and c-myb 7/7 embryos using the indicated antibodies. A gate set on FL3¯uorescence was used to exclude dead cells which had taken up propidium iodide. The quadrants were set based on staining with appropriate isotype controls showed that CD34 + /Kit + c-myb 7/7 cells arrive at the foetal liver. This is in spite of the fact that 3 days earlier the c-myb 7/7 yolk sac contains no functional progenitors apart from CFU-E and CFU-M. It was previously suggested that CD34 + cells in the c-myb
foetal liver are endothelial (Krause et al., 1998) , but double staining for CD45 clearly demonstrated that the majority must be haemopoietic. These cells showed a limited ability to divide when cultured in vitro, but in the process lost c-Kit expression. Overall, this implies that de®nitive as well as primitive commitment is possible in the absence of c-Myb but that progenitor expansion is compromised very early in the de®nitive phase. Cells seeding the foetal liver, presumably from the yolk sac or directly from the AGM, either (i) fail to maintain c-Kit expression allowing expansion in presence of SCF, or (ii) fail to commit to a stage at which c-Kit continues to be expressed at high levels on an expanding population. Our results are also consistent with the recent study using chimaeras of c-myb 7/7 ES cells in a rag1 7/7 background which suggested that commitment to de®nitive T-lymphopoiesis is also possible, but that subsequent expansion and/or development is blocked at the very earliest CD44 lo stage of T-cell development (Allen et al., 1999) . In the accompanying manuscript (Clarke et al., 2000) we provide support for these conclusions by studying the in vitro haemopoietic dierentiation of c-myb 7/7 ES cells. Assessment of in vitro colony formation revealed that both wild type and mutant ES cells were capable of producing primitive CFUs (erythroid and macrophage), whereas de®nitive CFU (e.g. CFU-GM and BFU-E) were only seen in dierentiating embryoid bodies (EBs) derived from wild type ES cells. This suggests that the absence of progenitors in the adult haemopoietic tissues of c-myb 7/7 chimaeras cannot be explained by competitive outgrowth of wild type compared to partially disabled mutant progenitors. The data from in vitro dierentiation of c-myb 7/7 ES cells is also consistent with the idea of cells being committed to de®nitive haemopoiesis and progressing towards a progenitor phenotype which is then in some sense`blocked'; thus, even though no de®nitive CFUs were detectable we could show the accumulation of cells in c-myb 7/7 EBs which had surface antigens and gene expression patterns characteristic of haemopoietic progenitors (Clarke et al., 2000) .
Failure of progenitor expansion could result not only from an eect on proliferation but may also involve a survival defect. The haemopoietic cells present in the foetal liver of c-myb 7/7 embryos certainly showed morphological signs of apoptosis, and preliminary experiments to determine expression of phosphatidyl serine, as indicated by Annexin V binding, have suggested a propensity for the c-myb 7/7 c-Kit low cells to enter into programmed cell death (data not shown). We and others have described a regulatory eect of Myb on bcl-2 gene expression in myelomonocytic and T-lymphoid cells (Frampton et al., 1996; Taylor et al., 1996) , and it is therefore possible that c-Myb may have a direct eect on survival of de®nitive progenitors.
Our observation of the absence of c-Kit bright cells (but continued presence of at least some c-Kit low cells) especially later in foetal liver development, could correlate with the demonstration of c-Kit-independent and dependent phases in haemopoiesis, the latter becoming crucial at E12.5 in the foetal liver (Ogawa et al., 1993) . It is tempting to speculate that the c-kit Yolk sacs were separated from the embyro and digested in collagenase/20% serum at 378C for 3 h. Single cell preparations of foetal liver and yolk sac cells were prepared and seeded into 2 ml of methylcellulose medium containing the additives and growth factors as described in Materials and methods. For assays of the yolk sac cells and c-myc 7/7 foetal livers all cells were plated. For wild type foetal livers each assay used 1 ± 3% of a foetal liver equivalent. Colonies were counted on day 4 (CFU-E), day 7 ± 8 (BFU-E and mixed) and again on day 10 ± 14 for myelomonocytic progenitors. gene is a direct target of c-Myb, at least to achieve its high level expression. Indeed, this possibility has been suggested before based on the presence of c-Myb binding sites in the promoter of the gene and on the response of either the endogenous c-kit gene to a controllable c-Myb/oestrogen receptor fusion protein (Hogg et al., 1997) or of a c-kit-reporter construct to cMyb in transient transfection assays (Ratajczak et al., 1998) . However, this alone cannot be the explanation for the eect of c-myb ablation. Although mice homozygous for a mutated allele of the c-kit locus show a dramatic decline in foetal liver haemopoiesis between E12 and E15, the animals are born, exhibit some adult haemopoiesis but die soon after birth of anaemia (Bernex et al., 1996) . It was originally suggested that of the de®nitive haemopoiesis cell types, megakaryocytes did not require c-Myb for their formation (Mucenski et al., 1991) . However, our inability to detect donor-derived megakaryocytes or their progenitors in the bone marrow of chimaeras strongly suggests that these cells also require c-Myb, either to be able to develop in the foetal liver, or to seed the bone marrow and/or to expand to detectable levels once they have homed there. Interestingly, the cells displaying a megakaryocytic phenotype in c-myb 7/7 foetal liver (CD41 + cells) become progressively less c-Kit + and more CD41 + from E11 to E14. This raises two possibilities: (i) distinct c-Myb independent megakaryocyte progenitors are present in the foetal liver (either as a residue of a primitive phase or a foetal liver restricted progenitor); or (ii) de®nitive commitment, at least to megakaryopoiesis, occurs but the progenitors are not selfsustaining and undergo aberrant or terminal dierentiation. There is no direct experimental evidence supporting the ®rst possibility, however, it would make sense that the megakaryocytes represent residual primitive haemopoiesis from bi-or multilineage progenitors, especially given the close relationship between the erythroid and megakaryocytic lineages. There is evidence that, in addition to primitive erythropoiesis, the yolk sac produces primitive equivalents of other haemopoietic lineages (Bonifer et al., 1998) and the failure to de®ne such an equivalent for megakaryocytes may only re¯ect an absence of discriminating markers. Megakaryocyte-like cells have certainly been observed as early as E10 in the yolk sac (Matsumara and Sasaki, 1989) . However, the existence of a distinct, fully functional progenitor restricted to the foetal liver is not supported by the fact that we could not derive colonies in vitro from knock out embryos. Moreover, there was a large decrease in the absolute number of mature megakaryocytes in the cmyb 7/7 compared to wild type foetal liver, which argues that they are also susceptible to the absence of c-Myb. Comparison of c-myb
ES-derived cells present in chimaeric embryo from E11 to E14 also suggests that c-myb 7/7 precursors capable of giving rise to megakaryocytes enter, or are committed, in the early foetal liver, but these have very limited capacity to expand and dierentiate to CD41 + cells. Comparing our observations on the eect of c-myb ablation on myelopoiesis with the phenotype of knock outs of other transcription factors implicated in haemopoiesis reveals some closer similarities than previously recognized but also some clearer distinctions. Homozygous deletion of the genes for AML-1 (Okuda et al., 1996) and GATA-2 (Tsai et al., 1994) results in phenotypes which are in many respects similar to that seen in c-myb 7/7 embryos. A more profound defect compared to c-myb 7/7 is seen in aml-1 7/7 embryos which die at E11 from an absence of de®nitive blood cells and possibly some in¯uence on primitive haemopoiesis. GATA-2 7/7 embryos also die at E11; in this case both primitive and de®nitive haemopoiesis are defective (Tsai et al., 1994) , and work on dierentiation of GATA-2 7/7 ES cells implies that proliferation and survival of progenitors are aected (Tsai and Orkin, 1997) . This sounds remarkably similar to our observations on the c-myb
phenotype. Interestingly, c-Myb and GATA-2 have been linked before; they are often co-expressed at their highest levels, for example as was seen in Lin 7
CD34
+ E9 yolk sac cells (Yoder et al., 1997) . As another example, it was noted that the block at the proerythroblast stage seen during in vitro dierentiation of GATA-1 7 ES cells was accompanied by a considerable up-regulation of c-myb and GATA-2 RNAs . It is likely that there is some element of cross-regulation between two or more of these factors as well as there being common target genes.
Materials and methods
Mice c-Myb targetted heterozygotes originally on a 129 Sv background were maintained by continual back-crossing to C57BL/6. c-myb null embryos were produced by mating cmyb +/7 heterozygotes. Embryos were genotyped by PCR as described previously (Mucenski et al., 1991) .
Production of chimaeras
Heterozygous c-myb +/7 ES cells (a CCE clone derived using the targetting strategy described in Mucenski et al., 1991) were selected in the presence of raised concentrations of G418 (Mortensen et al., 1992) to generate subclones homozygous for the targetted c-myb allele. c-myb +/+ , c-myb +/7 and cmyb 7/7 clones ES clones were injected into C57BL/6 wild type blastocysts. Chimaeras were assessed initially by the extent of agouti coat colour. Since the host and donor strains carry dierent alleles at the glucose phosphate isomerase (GPI) locus the degree of chimaerism of adult tissues and of embryos could be determined by electrophoretic separation on cellulose acetate thin-layer plates of the dierently charged isoenzymes followed by in situ detection of enzymatic activity (Hogan et al., 1994) .
Colony assay
Foetal liver cells were plated in 1% methylcellulose medium (Methocult M3434, Stem Cell Technologies) containing Iscove's MDM, 15% FCS, 0.1 mM 2-mercaptoethanol, 2 mM L-glutamine, 1% BSA, insulin (10 mg/ml), iron saturated human transferrin (200 mg/ml), rmIL-3 (10 ng/ ml), rhIL-6 (10 ng/ml), rmSCF (50 ng/ml), rhEpo (3 U/ml) and rmTPO (5 ng/ml). Colony morphology and number was assessed on day 3 (CFU-E), day 6 (BFU-E) and day 10 ± 12 (CFU-Mix and myeloid colonies).
Cytological analysis
Cytocentrifuged foetal liver cell preparations were stained for morphological analysis using May-GruÈ nwald Giemsa. Cyto-plasmic acetylcholine esterase was detected by incubating cytocentrifuged samples in 75 mM sodium phosphate buer pH 6.0 containing 5 mM sodium citrate, 3 mM copper sulphate, 0.5 mM potassium ferricyanide and 0.5 mg/ml acetylthiocholine iodide for 2 h at room temperature. Following post-staining ®xation in 95% ethanol, counterstaining was performed with Harris' Hematoxylin.
Immunofluorescent staining and flow cytometry
Single cell preparations of bone marrow, spleen, thymus or E11-E14 foetal liver were prepared by standard techniques. Red cells were depleted from the preparations by lysis in 0.15 M NH 4 Cl. Monoclonal antibodies were used either directly conjugated (Ter119-Biotin, c-Kit-PE, CD11b-Biotin, CD45-FITC, CD34-FITC, CD34-Biotin, Sca1-Biotin) or indirectly labelled (Ter119, CD11b, Thy1, CD4, CD8, cD41) using an appropriate isotype-speci®c conjugated secondary antibody (anti-rat IgG1/IgG2a/IgG2b-FITC). With the exception of anti-rat IgG1-FITC (Sera Labs, UK), all unconjugated and conjugated antibodies were obtained from PharMingen/Becton Dickinson. Stained cells were run immediately through a Becton Dickinson FACS Calibur employing CellQuest software.
In the¯ow cytometric analysis of haemopoietic cells from chimaeric animals, the contribution from host blastocysts and donor ES cells was discriminated by use of the 30C7 monoclonal antibody (biotinylated from PharMingen/Becton Dickinson) which recognizes the Ly9.1 (Lgp-100a) surface glycoprotein alloantigen. Ly9.1 is expressed on the surface of most haemopoietic cells of the 129 Sv donor strain, whereas the C57BL6 host strain expresses the Ly9.2 alloantigen which is not recognized by the 30C7 antibody (Ledbetter et al., 1979) .
